Infective clones of the Nigerian isolate of cassava latent virus (CLV) have been obtained. The apparent molecular weight of the capsid protein of this isolate is slightly higher than that produced in plants infected with cloned DNAs of the Kenyan isolate of CLV. Pseudorecombinant experiments using heterologous combinations of cloned DNAs have confirmed that the physical properties of the capsid protein are encoded on DNA 1 and at least some determinants of symptom induction are also located on this DNA. Comparison between the nucleotide sequences of the open reading frames encoding the two capsid proteins shows several nucleotide differences which affect the amino acid composition but which do not significantly alter the potential molecular weight of the product. In vitro translation of poly(A) ÷ RNAs shows that the differences in electrophoretic mobility are not due to differences in host-directed post-translational processing.
INTRODUCTION
Cassava latent virus (CLV, synonym African cassava mosaic virus), a member of the geminivirus group, has been shown to have a genome of circular single-stranded DNA (Harrison et al., 1977) . Sequence analysis of virion DNA from the Kenyan isolate (CLV-K) has demonstrated that the genome comprises two similar-sized DNAs, denoted DNA 1 and 2 (Stanley & Gay, 1983) . Although the nucleotide sequence has predicted a number of open reading frames in both the virion sense of the DNA and in its complement, only one virus-coded product, namely the coat protein, has been identified in infected tissue. The coat protein gene has been assigned to an open reading frame within DNA 1 (Stanley & Gay, 1983 ) based on the size of the putative gene product and on comparison of the theoretical amino acid composition with that determined experimentally.
The bipartite nature of the genome has been verified by construction of full-length recombinant DNA clones from each circle of the Kenyan isolate and demonstrating that both are essential for virus infection after mechanical inoculation to test plants (Stanley, 1983) . The availability of infective cloned DNAs allows investigation of the contribution of each DNA component of the genome by pseudorecombination between virus isolates that exhibit distinguishing characteristics. The Kenyan and Nigerian (CLV-N) isolates of CLV not only induce slightly different symptoms when mechanically inoculated to Nicotiana tabacum but also differ in the apparent molecular weights of their coat proteins when these are determined by polyacrylamide gel electrophoresis. In order to investigate the differences between the coat proteins, as well as the determinants of symptom expression, infective DNA clones from CLV-N have been constructed and pseudorecombinants produced between the two isolates of CLV.
METHODS
Virus isolates andplant hosts. The East African (Kenyan) type isolate and the Nigerian isolate of CLV have been described by Sequelra & Harrison (1982) . Virus was maintained by mechanical inoculation to either Nicotiana benthamiana or N. tabacum (White Burley), grown at 25 °C. The virus isolates were held under the MAFF licence number PHF 49/152. DNA cloning and sequencing. Full-length clones of DNAs 1 and 2 of CLV-N were constructed essentially as described for the Kenyan isolate (Stanley & Gay, 1983) . Virion single-stranded DNA (1 pmol) was annealed to 10 pmol EeoRl linker (sequence GGAATTCC) in 50 g1100 mM-Tris-HC1 pH 7.4, 100 mM-MgCI2, 500 mM-NaCI, 10 mM-dithiothreitol by boiling for 2 min followed by slow cooling to room temperature. All four dNTPs were added to 0-2 mM together with 10 ~Ci [c~-3-'P]ATP (Amersham) and second strand synthesis was initiated by the addition of 5 units of the Klenow fragment ofEscherichia coli DNA polymerase I (Boehringer Mannheim). After incubation for 30 rain at room temperature, the reaction was terminated by incubation at 70 °C for 10 min. Excess primer was removed by polyethylene glycol precipitation as described by Hong (1981) . Double-stranded D N A synthesized in this way was digested with either Pstl or BamHI (Bethesda Research Laboratories) and either analysed on 1.4°-o agarose gels or cloned into M I3 mp9 (Messing et al., 1981) linearized with the appropriate restriction enzyme. Replicative forms of clones containing full-length inserts were prepared, and the inserts were excised from the vector with the appropriate restriction enzyme and purified by sucrose gradient centrifugation. Peak fractions containing CLV DNA were pooled, ethanol-precipitated and re-dissolved to 1 mg/ml in H20. Nucleotide sequences were established by subcloning the purified insert DNA in M13 mp9 after digestion with Sau3AI (Bethesda Research Laboratories) and using the dideoxy-termination procedure of Sanger et al. (1980) . Production ofpseudorecombinants. Equimolar amounts of cloned linearized double-stranded DNA 1 and 2 inserts, purified as described above, were combined as either homologous (K1/K2 and N1/N2) or heterologous (K 1/N2 and N 1/K2) mixtures, Aliquots (10 ~tl) containing I/ag of each DNA were mechanically inoculated to each N. bentharniana plant. Virus was purified from systemically infected N. benthamiana tissue by the method of Sequeira & Harrison (1982) and used either for inoculating N. tabacum or for coat protein analysis.
Polyacrvlarnide gel electrophoresis oJ cirus coat protein. Virus preparations were solubilized in sample buffer (Laemmli, 1970) and analysed on 7-5 to 25°,o acrylamide, 0.2 to 0-125°.~, bisacrylamide linear gradient gels with a 4-5°'0 acrylamide, 0.09°0 bisacrylamide stacking gel using the buffer system of Laemmli (1970) . Gels were stained with Coomassie Brilliant Blue.
Isolation and in vitro translation ofpol)'(A) + RNA. Total nucleic acid was extracted from systemically infected leaf tissue and poly(A) + RNA was isolated by two cycles of oligo(dT)-cellulose chromatography after removal of DNA according to the method of Covey & Hull ( 1981 ) . Poly(A) ÷ RNA was treated with 10 lag/ml DNase 1 for 30 min at room temperature in 50 mM-Tris HCI pH 7.6, 5 mM-MgCI2, extracted with phenol/chloroform (1:1, v/v) and precipitated with ethanol. Poly(A) + RNA (2 lag) was translated in t'itro in a total volume of 200 lal of a messenger-dependent rabbit reticulocyte system (Pelham & Jackson, 1976) in the presence of 10 laCi [3sS]methionine (800 Ci/mmol: New England Nuclear). Products were immunoprecipitated from the lysate as described by Martin & Northcote (1982) using rabbit anti-CLV-K antiserum prepared against purified CLV-K virions, inoculated according to the schedule of Archer & Best (t980) and cross-adsorbed against acetone powder of healthy N. benthamiana as described by Otsuki & Takebe (1969) . Precipitates were solubilized in SDS. fractionated in the gel system described above and fluorographed (len & Thach, 1982) .
RESULTS

Construction of Jhll-length clones
Infective full-length DNA clones of CLV-K have been constructed by inserting M/uI-(DNA 1) or PstI-digested (DNA 2) double-stranded DNA into M 13 vectors (Stanley, 1983) . DNA 2 of CLV-N was successfully cloned into M13 mp9 when digested with Pstl. However, unlike CLV-K, CLV-N DNA was resistant to digestion with MluI as determined by agaroge gel electrophoresis (data not shown). Subsequent sequencing has demonstrated that the unique MluI site in CLV-K DNA 1 (nucleotides 734 to 739) has been destroyed by a single nucleotide change at position 736 (see Fig. 2 ). The search for an alternative restriction enzyme with which to done full-length copies of DNA 1 showed BamHI to cut at a single site. CLV-K DNA 1 has two BamHl sites, at nucleotides 291 to 296 and 485 to 490. Full-length copies of CLV-N DN A 1 were cloned at the upstream BamHI site. The second site has been destroyed by substitutions at nucleotides 487 and 490 (see Fig. 2 ). The presence of full-length clones was initially demonstrated by two methods. Firstly cloned CLV-N DNA, when excised from the M13 replicative form, was shown to comigrate with the corresponding characterized full-length DNA from CLV-K (Stanley, 1983) . Secondly the sequences of the inserted DNA termini were determined using the dideoxy-termination procedure in both the forward (Sanger et al., 1980) and reverse sense (Hong, 198l) . Comparison of the derived sequences with those established for CLV-K demonstrated that the termini of each cloned insert were continuous in the virus DNA circles. These data confirmed that CLV-N DNA 1 was cloned at the BamHI site (nucleotides 291 to 296) but surprisingly showed the PstI site within DNA 2 to be at nucleotides 1137 to 1142, not at nucleotides 245 to 250 as seen in CLV-K DNA 2. The CLV-N DNA 2 PstI site has been created by a single nucleotide substitution at position 1139 and presumably the upstream site seen in CLV-K DNA 2 has been destroyed by nucleotide substitution.
InJectivity and symptomatology of full-length DNA clones
Inoculation of N. benthamiana with CLV-N DNA t or 2 alone did not lead to symptom development or virus production as judged by hybridization of nick-translated cloned CLV-N DNAs to nucleic acids extracted from leaf material, consistent with the earlier report for CLV-K (Stanley, 1983) . Homologous and heterologous combinations of cloned DNAs 1 and 2 were mechanically inoculated to N. benthamiana. Plants inoculated with any of the combinations developed symptoms at approximately the same time (from about 4 days post-inoculation) although those for the combination K1/K2 were slightly more severe than for N l/N2. Virion preparations from systemically infected N. benthamiana were used to inoculate N. tabacum. Once again, the symptoms were slightly more severe when plants were infected with the combination K1/K2 than when infected with N1/N2. Furthermore, the combination K1/K2 induced characteristic vein necrosis not seen in plants infected with N1/N2. Symptom development induced by the homologous combinations of CLV-K and CLV-N DNAs parallels that observed when N. tabacum is inoculated with virions derived from the corresponding native virus population. When plants were inoculated with pseudorecombinants, both the more severe symptoms and vein necrosis were induced by the combination K1/N2 but not N1/K2. The expression of these symptoms is therefore associated with DNA 1 of the isolates.
Coat protein synthesis during cloned DNA infection
Virions were purified from N. benthamiana systemically infected with either pseudorecombinant or reconstituted parental viruses and the coat proteins were analysed by polyacrylamide gel electrophoresis (Fig. 1) . The data show that the coat protein of CLV-K (lane 1) can be distinguished from that of CLV-N (lane 6) by electrophoretic mobility, the estimated molecular weights being 29 500 (CLV-K) and 30 000 (CLV-N). Coat proteins isolated from plants infected with the combinations K 1/K2 and N 1/N2 (lanes 2 and 5) show electrophoretic characteristics indistinguishable from their respective native coat proteins. However, the combination K1/N2 (lane 3) produces a coat protein of apparent molecular weight 29500 while the combination N l/K2 (lane 4) produces one of apparent molecular weight 30000. The simplest interpretation of these data is that DNA 1 of each isolate contains the information necessary to code for the coat protein. The coat proteins shown in lanes 2 to 5 were from virions purified by the procedure of Sequeira & Harrison (1982) except that the sucrose gradient step had been omitted. For this reason, the slower migrating material in these lanes is thought to represent contaminating host protein.
Comparison of the putative coat protein gene products
Comparison of the experimentally derived values for the CLV-K coat protein amino acid composition with the theoretical values for each open reading frame deduced from the nucleotide sequence has associated the coat protein gene with the open reading frame encompassing nucleotides 446 to 1219 in the virion sense ofDNA 1 (Stanley & Gay, 1983) . In an attempt to rationalize the observed differences between the electrophoretic mobilities of the coat proteins at the molecular level, the nucleotide sequence across this open reading frame in CLV-N has been established. A comparison of the sequences showing nucleotide substitutions is shown in Fig. 2 . Of the 24 nucleotide differences between the two isolates in this region, 13 do not affect the coded amino acid, the majority of the substitutions occurring at the third base of the codon. Significantly, of the remaining 11 nucleotide changes that alter the coded amino acid, four codons specify, methionine in CLV-N. The open reading frames maintain similar coding capacities of 30153 (CLV-K) and 30171 (CLV-N). 
In vitro translation of virus coat protein m R N A
Poly(A) ÷ R N A from healthy and systemically infected tissue was translated in a messengerdependent rabbit reticulocyte lysate and the products were immunoprecipitated with anti-CLV-K antiserum. A major protein of apparent molecular weight 29500 was translated from the poly(A) + R N A purified from CLV-K-infected tissue (Fig. 3, lane 2) and one of apparent molecular weight 30000 was translated from R N A from CLV-N-infected tissue (lanes 3 and 4) . In addition to these products, a number of other proteins, notably one of apparent molecular weight 24000, were immunoprecipitated from lysates programmed with poly(A) + R N A from either type of infected tissue and from the lysate programmed with poly(A) ÷ R N A from healthy tissue (lane 1). The same proteins were detected on 'Western' blots (Towbin et al., 1979) of SDSsoluble proteins from healthy N. benthamiana probed with the cross-adsorbed anti-CLV-K antiserum (results not shown) showing that the latter contained antibodies directed against host proteins which could not be removed by cross-adsorption. These host proteins were relatively less abundant in translations of poly(A) ÷ R N A from CLV-K-infected tissue.
DISCUSSION
The data presented here describe the construction of viable hybrid viruses between closely related isolates of CLV. Comparison of virus characteristics enables a direct correlation to be made between coat protein production and D N A 1 of both isolates. This observation is in agreement with the suggestion, based on amino acid composition data, that the coat protein is encoded within the major open reading frame of virion sense D N A 1 of CLV-K (Stanley & Gay, 1983) . Both the amino and carboxy termini of the CLV-K open reading frame predicted from the nucleotide sequence have been observed within coat protein tryptic digests (M. Short, personal communication). In addition, no evidence of primary transcript processing has so far (Stanley & Gay, 1983) . Nucleotide substitutions observed within CLV-N are given above the sequence and resultant amino acid changes are boxed. Nucleotide numbering is according to Stanley & Gay (1983) . been found (R. Townsend, unpublished results). Available data suggest therefore that all the amino acid coding information necessary to produce coat protein is contained within the putative coat protein open reading frame. As the potential coding capacity of the open reading frame is not significantly altered by nucleotide substitutions within the two CLV isolates, the reason for the observed differences in coat protein electrophoretic mobility remains unclear. The results of in vitro translation of poly(A) + RNA in reticulocyte lysates indicate that the coat proteins synthesized are of molecular weights comparable to those found in native virions. This eliminates the possibility that host-directed post-translational processing of precursor polypeptides is responsible for the observed coat protein size differences. The difference in intensity between the bands representing CLV-K and CLV-N coat proteins synthesized in vitro (Fig. 3, lanes 2 and 3) programmed with poly(A) + R N A from CLV-K-infected tissue. While this could reflect a variation in host response to virus infection, it is probable that the more severe symptoms induced by the CLV-K isolate adversely affect the isolation of polyadenylated R N A s which are able to function as fully competent messengers in reticulocyte lysates. The construction of pseudorecombinants has associated the major determinants of symptom expression with D N A 1 of the two related isolates of CLV. Whether symptoms induced by virus infection are a direct result of coat protein production, also shown to be associated with D N A 1, the production of other virus-specific proteins, or a combination of both, remains to be seen.
The potential of recombinant D N A clones of the CLV bipartite genome to produce a normal virus infection allows investigation of those aspects of virus multiplication which can be distinguished between virus isolates or related strains. Two serologically related members of the geminivirus group, CLV and tomato golden mosaic virus (TGMV), have common hosts in Nicotiana spp. in addition to unique hosts in Manihot esculenta (CLV) and Lycopersicon esculentum (TGMV) . Full-length clones from T G M V have recently been constructed and shown to be infective (Hamilton et al., 1983) . If a viable hybrid virus can be produced between these virus strains, pseudorecombinant experiments of this nature should supply information concerning the mechanism of virus host-range determination. Experiments along this line of research are now in progress.
